Activation-induced cytidine deaminase (AID) initiates secondary antibody diversification processes by deaminating cytidines on single-stranded DNA. AID preferentially mutates cytidines preceded by W(A/ T)R(A/G) dinucleotides, a sequence specificity that is evolutionarily conserved from bony fish to humans. To uncover the biochemical mechanism of AID, we compared the catalytic and binding kinetics of AID on WRC (a hot-spot motif, where W equals A or T and R equals A or G) and non-WRC motifs. We show that although purified AID preferentially deaminates WRC over non-WRC motifs to the same degree observed in vivo, it exhibits similar binding affinities to either motif, indicating that its sequence specificity is not due to preferential binding of WRC motifs. AID preferentially deaminates bubble substrates of five to seven nucleotides rather than larger bubbles and preferentially binds to bubble-type rather than to single-stranded DNA substrates, suggesting that the natural targets of AID are either transcription bubbles or stem-loop structures. Importantly, AID displays remarkably high affinity for single-stranded DNA as indicated by the low dissociation constants and long half-life of complex dissociation that are typical of transcription factors and singlestranded DNA binding protein. These findings suggest that AID may persist on immunoglobulin and other target sequences after deamination, possibly acting as a scaffolding protein to recruit other factors.
Activation-induced cytidine deaminase (AID) is the B-cellspecific enzyme responsible for the conversion of cytidine to uridine, the initiating event in somatic hypermutation (SHM) and class switch recombination (CSR) of antibody genes (20, 22, 26, 29) . This initial lesion can either be replicated, producing a transition mutation, or be engaged by the base excision (i.e., UNG) (34) or mismatch repair pathways (i.e., MSH2) (21, 33, 52) , resulting in transversion mutations or A-T mutations, respectively. Cytidine deamination by AID also leads to the generation of double-stranded lesions in the switch regions of antibody genes, leading to CSR (9, 22, 42, 43) .
While necessary for SHM and CSR, AID-induced lesions have been shown to cause chromosomal translocations contributing to lymphoma (13, 36, 37) . Because of this inherently dangerous property of AID, it is likely that the activity of AID is controlled at different levels to focus it on immunoglobulin genes, such as through protein kinase A phosphorylation (2, 27) or the interaction with cofactors, such as replication protein A (RPA) (7). At the target DNA level, high levels of transcription have been shown to be necessary but not sufficient for AID activity (1, 22, 23, 28, 38) . Since AID is able to deaminate cytidines only on single-stranded DNA (ssDNA) (6, 8, 10, 17, 18, 25, 47) , it is likely that the requirement for transcription reflects the generation of single-stranded regions by transcription bubbles (8, 22) or the generation of G4 DNA structures (11, 12) .
Even prior to the discovery of AID, it was noted that SHM occurs more frequently in cytidines that are preceded by a W(A/T)R(A/G) motif (40) . As a result, this motif has been termed a hot-spot motif. The increased mutability of WRC (where W equals A or T and R equals A or G) motifs in SHM is conserved from mice and humans (39, 44) to zebrafish and catfish (50) . Purified AID preferentially deaminates WRC motifs on a stretch of ssDNA in vitro, indicating that WRC sequence specificity is an inherent AID trait and independent of any cofactors (17, 18, 31, 54) . Findings that CSR breakpoints occur at or near AGCT motifs (15, 55) , which are WRC motifs on both strands, argues that the WRC specificity of AID is a significant regulator of its activity. Although AID deaminates cytidines in vitro, the molecular mechanisms of target DNA capture and WRC specificity are unknown. Determination of the enzymatic properties of AID at the molecular level is, hence, necessary to understand the catalytic mechanism of AID. In this report, we evaluated the enzymatic as well as complex formation properties of purified AID on partially single-stranded "bubble" substrates as well as fully ssDNA substrates to determine the K m , K d , and other properties of substrate binding and catalysis by AID. activity assays and electrophoretic mobility shift assay (EMSA). The purification of His-AID has been previously described (14) . Although His-AID was purified to ϳ90% purity, bacteria harboring the empty pRSET/C vector were induced and used in parallel purification processes to generate a control for activity and binding assays.
Substrate preparation. Sequences of single-stranded and bubble substrates are shown in Fig. 1 . The bubble substrates are similar to those previously described (47) only differing from each other in the dinucleotide before the target C, constituting hot or cold spots. A total of 5 pmol of the bottom strand ( Fig. 1 ) was 5Ј labeled with [␥- 32 P]dATP using polynucleotide kinase (NEB) and purified through mini-Quick spin DNA columns (Roche). For the labeled substrates, a 2:1 ratio of top:bottom strand was annealed in a volume of 50 to 100 l. Unlabeled competitor bubbles were annealed at a 1:1 ratio.
Deamination assay. The assay was a variation of assays described previously (47, 54) . Briefly, 0.1 to 500 fmol of labeled substrate was incubated with 0.3 to 0.9 g of GST-AID or His-AID for 90 min at 37°C in 50 mM Tris, pH 7.5, 100 mM NaCl, and 2 M MgCl in a volume of 10 l. AID was then deactivated for 15 min at 75°C. The volume was then increased to 20 l and 1 unit of uracil DNA glycosylase and buffer (NEB) were added for a 90-min incubation period of 37°C in order to excise the uracil generated by the deamination of the target cytidine. Finally, 2.2 l of 1 M NaOH was added, and the samples were heated to 95°C for 8 min to cleave the alkali-labile abasic site. Samples were electrophoresed at room temperature on a 20% denaturing acrylamide gel with a running buffer of 1ϫ TBE (Tris-borate-EDTA) at 300 V for 3 h and visualized using a PhosphorImager (Molecular Dynamics). Quantitation was done using ImageQuant software, version 5.0 (Molecular Dynamics).
EMSA. Indicated amounts (from 0.15 to 50 fmol [see the legend to Fig. 4 ]) of labeled substrate were incubated with 0.3 to 1 g of GST-AID or His-AID in a buffer containing 50 mM Tris, pH 7.5, 2.0 M MgCl, 50 mM NaCl, and 1 mM DTT in a final volume of 10 l at 25°C for 45 min. GST, which was purified in parallel to GST-AID, was used as a control in all lanes which did not contain GST-AID in order to demonstrate specific complex formation. A similar emptyvector control was used to ensure the specificity of the shifted bands obtained with His-AID. Samples were then either immediately loaded on the gel or UV cross-linked (Stratagene) on ice at a distance of 2 cm from the UV source with 100 mJ and an irradiation time of 50 s. Samples were electrophoresed at 4°C on an 8% native gel (0.5ϫ TBE, 6% glycerol, 8% acrylamide:bisacrylamide [19:1] ) with a running buffer of 0.5ϫTBE at 300 V for 3 h. Gels were dried and visualized using a PhosphorImager (Molecular Dynamics). All quantitation was done using ImageQuant software, version 5.0 (Molecular Dynamics). Data were plotted as bound and free fractions of the substrate. For the determination of approximate half-saturation values, Sigmaplot version 5.0 was used to fit the data to the following equation derived from the law of mass action:
, where [Bound max ] represents the maximum amount of bound substrate at saturation and is assumed to equal the molar amount of total active AID (32, 49) . Because AID and substrates do not dissociate in EMSAs involving UV cross-linking, the Bound max in EMSAs involving UV cross-linking (see Fig. 4 and 5), which was ϳ4 fmol, indicates that ϳ4 fmol of active AID existed in the preparations, assuming a 1:1 AID:substrate stoichiometry. That is, substrate concentrations beyond 4 fmol did not generate any additional AID:DNA complexes, indicating that all active AID was bound at this concentration. As 10 pmol of AID was added for each reaction, this indicates a ratio of 1:5,000 active AID:total AID in all enzymatic and binding assays analyzed. This ratio represents a lower limit estimate as maximal cross-linking efficiency and 1:1 stoichiometry were assumed.
NECEEM. For a detailed description of a nonequilibrium capillary electrophoresis (NECEEM) assay, see Berezovski and Krylov (3) . Briefly, 1 pmol of fluorescent oligonucleotide was incubated with 1.5 g of GST-AID in 50 mM Tris-HCl (pH 7.5), 2.0 M MgCl 2 , 50 mM NaCl, and 1 mM DTT at 37°C for 45 min. Electrophoresis was carried out with a P/ACE MDQ apparatus (Beckman Coulter, Mississauga, Ontario, Canada) equipped with a fluorescence detector and a 488-nm line of an Ar-ion laser to excite fluorescence. A 50-cm-long uncoated fused silica capillary with an inner diameter of 75 m and an outer diameter of 360 m was used. Capillary temperature was maintained at 20°C. Inlet and outlet reservoirs and the capillary were prefilled with the run buffer. A plug of the AID-DNA equilibrium mixture was injected into the capillary by a pressure pulse of 0.5 lb/in 2 for 5 s; the length and volume of the injected equilibrium mixture were 7 mm and 30 nl, respectively. The ends of the capillary were inserted in the inlet and outlet reservoirs, and the electric field was applied. Protein-DNA complex, DNA dissociated from the complex during separation, and free DNA were detected. Fast dissociation was monitored to obtain both the rate constant, k off , and the equilibrium constant, K d , of complex dissociation. The constants are calculated using areas and migration times of peaks from an electropherogram:
and A DNA are areas corresponding to the intact complex, DNA dissociated from FIG. 1. Sequences of the DNA substrates used in binding and activity assays. All substrates used in activity assays contain a single cytidine within the bubble and differ in the dinucleotide immediately upstream of the target cytidine constituting either WRC motifs (hot spots) or non-WRC motifs (cold spots). * , radioactively labeled strand; HS, bubble containing a hot-spot motif; CS, bubble containing a coldspot motif. The last number of each substrate indicates the size of the single-stranded bubble portion. The position of the target cytidine within the bubble is indicated by an arrow for HS1bub5. HS4bub9 and CS4bub9 contain repeats of the hot-spot sequence AAC and the coldspot CCC, respectively, and were used as unlabeled competitors in activity assays. The single-stranded substrates HS5ss and CS5ss containing tandem repeats of hot or cold spots were used in EMSAs as well as NECEEM assays to measure AID binding. AGUbub and GGUbub are analogous to HS1bub7 and CS3bub7 except for the substitution of uridine for cytidine. VOL. 27, 2007 AID IS A STRONG SINGLE-STRANDED DNA BINDING ENZYME 21 the complex, and free DNA, respectively.
[P] 0 and [DNA] 0 are concentrations of active enzyme and DNA, respectively. Size exclusion chromatography of AID. GST-AID was purified as described above and dialyzed in a buffer containing 50 mM Tris, pH 8.0, 50 mM NaCl, and 5 mM EDTA. As GST-AID is active in this buffer, it was also used as the column equilibration and run buffer. GST-AID was concentrated to a volume of 2 ml using a Vivaspin-2 column (Vivascience) with a 10,000-molecular-weight limit and loaded on a Hi-Load 16/60 Superdex 200 preparative-grade column. An automated AKTA fast protein liquid chromatography (FPLC) machine (model UPC900; Amersham) and Unicorn 5 software were used for this analysis. Column calibration was performed using standard proteins of known sizes and dextran for accurate determination of the column's void volume. Four-milliliter fractions were collected and concentrated to a volume of 150 l using Vivaspin-2 columns. Deamination assays were set up by incubating 1 l of HS1bub7 substrate (20 fmol) with 8 l of each concentrated fraction and 1 l of uracil DNA glycoslyase (UDG; 1 unit) (NEB). ImageQuant, version 5.0 (Molecular Dynamics), was used for quantitation of the results. The amount of GST-AID in each fraction was calculated from the UV absorption values during elution from the column and used along with the amount of substrate and incubation time to obtain the specific activity of each fraction.
RESULTS
Quantitative measurement of AID deamination. AID preferentially deaminates cytidines within WRC hot-spot motifs on long stretches of ssDNA (17, 18, 31) . However, accurate comparison of AID activities on different hot-spot and cold-spot sequence motifs could not be made due to the possibility that WRC and non-WRC sequences influence AID activity on each other and the suggested processivity of the AID enzyme (31) . Here, we established an in vitro experimental system in which the activity of in vitro-purified GST or His-tagged AID (i.e., GST-AID or His-AID) could be quantitatively evaluated on individual substrates bearing single hot or cold spots. In this assay, the uridine produced by AID is removed by UDG, resulting in an abasic site which is the subject of alkaline cleavage. Figure 1 shows the substrates used in these assays. Each bubble substrate containing a WRC (hot spot) or non-WRC (cold spot) motif has a 5-to 17-nucleotide bubble, and only the dinucleotide preceding the target cytidine is varied among substrates, thus creating hot-spot or cold-spot bubbles (i.e., HSbub or CSbub). Figure 2A shows the activity of GST-AID on a bubble-type substrate (HS1bub7) and on the labeled (bottom) strand of the same substrate (HS1ss). As expected, GST-AID deaminated multiple cytidines on the single-stranded substrate, giving rise to multiple alkaline cleavage products. No cleavage product was observed in control GST-treated preparations ( Fig. 2A) , and assays using in vitro-purified mutants of GST-AID that were catalytically dead resulted in no product bands (data not shown). In contrast, the only apparent product on the bubble substrate corresponds in size to the target cytidine in the bubble ( Fig. 2A ). This result confirms the ssDNA activity of AID and, more importantly, validates the structure of the bubble substrate.
We then compared GST-AID activities on six different hotand cold-spot bubbles as shown in Fig. 2B . While 15 to 20% of the hot-spot bubble substrates were deaminated, 3% of the cold-spot bubbles were deaminated. As expected, no alkaline cleavage product was obtained from the fully double-stranded HS1ds substrate. This five-to eightfold preference of GST-AID for hot spots was also observed when His-AID was used in the UDG assay (see below) and is similar to that observed in (HS1bub7) as well as the single-stranded HS1ss (the radioactively labeled strand of HS1bub7). As indicated at top, GST was purified in parallel with GST-AID and used as a control for the specific activity of AID. The top band represents the 56-nucleotide labeled strand and the lower band represents the 28-nucleotide product of deamination due to alkaline cleavage at the target C in the bubble. UDG was added to all reactions. (B) Deamination assay comparing AID activities on three hot-spot bubbles (HS1bub7, HS2bub7, and HS3bub7) and three cold-spot bubbles (CS1bub7, CS2bub7, and CS3bub7). HS1ds was used as a control for the single-stranded DNA activity of AID. The band intensities were quantitated, and the amount of cleaved product resulting from deamination as a percentage of the entire labeled DNA in each lane is shown below each substrate. (C) As a control to ensure that the UDG step of the activity reaction does not discriminate between WRU and non-WRU motifs, UDG (without AID) was incubated with serial dilutions of AGUbub or GGUbub substrates which were designed to be analogous to HS1bub7 and CS3bub7 but with the target cytidine on the labeled strand replaced by uridine. nt, nucleotide.
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hypermutating Ramos cells (56) . To ensure that the production of the cleaved product was not due to preferential activity of UDG on WRU motifs, UDG was incubated with AGU and GGU bubble (AGUbub and GGUbub, respectively) substrates. These substrates, as shown in Fig. 1 , are analogous to HS1bub7 and CS3bub7, respectively, but with the target cytidine replaced by uridine. As shown in Fig. 2C , there was no difference in the generation of the cleaved product between AGUbub and GGUbub, and the UDG incubation conditions were sufficient to completely convert the substrate into product. Thus, the difference in the levels of the cleaved product between the hot-spot and cold-spot bubbles is solely attributable to the action of AID.
Deamination kinetics on hot-and cold-spot bubbles. After performing time course and GST-AID dilution experiments to ensure that we were working within the linear range for the activity assay (data not shown), we compared the appearances of the deaminated product as a function of substrate concentration for all six hot-and cold-spot substrates. A representative assay is shown in Fig. 3A (top) . The velocity of product formation was determined by calculating the amount of product formed in a unit of time by a given amount of GST-AID and plotted against substrate concentration. As shown in Fig.  3A (graph) , the velocity of product formation was appreciably higher on all hot-spot bubbles than on the cold-spot bubbles. A similar result was observed when His-AID was used in the FIG. 3 . Deamination kinetics on hot-and cold-spot bubbles. (A) Representative deamination assay showing the activity of GST-AID on serial dilutions of a hot-spot and a cold-spot bubble. Assays were performed on the indicated hot-spot bubbles and cold-spot bubbles using constant concentrations of GST (Ϫ) or GST-AID (ϩ) and twofold serial dilutions of the substrate starting with 5 nM. The product and substrate bands were quantitated and used together with the incubation time and the amount of AID to calculate the reaction velocity at each substrate concentration (graph). Velocity is defined as the amount of deaminated product generated by a given amount of AID in a unit of time and plotted against substrate concentration. (B) Deamination kinetics showing the activity of GST-AID on dilutions (starting with 20 nM) of hot-spot substrates with the same WRC motif (AGC) located within different bubble sizes ranging from 5 (HS1bub5) to 17 (HS1bub17) nucleotides. (C) Reaction velocity plotted against substrate concentration carried out over a 1,000-fold range of substrate concentration (starting with 40 nM) on HS1bub7 and CS1bub7 for GST-AID and His-AID.
VOL. 27, 2007 AID IS A STRONG SINGLE-STRANDED DNA BINDING ENZYME 23 deamination assays (Fig. 3C , lower graph). Consistent with our previous observations with His-AID (17, 18), we found that preincubation of GST-AID with RNase A did not change the kinetic properties of AID (data not shown). This is in contrast to AID expressed in insect cells that require preincubation with RNase to be active (6, 54) . We sought to examine whether the relative size of the bubble itself can influence the activity of AID. Thus, we compared the activities of GST-AID on substrates bearing the same WRC motif (AGC) but in the context of bubble sizes ranging from 5 to 17 nucleotides long. These substrates are illustrated in Fig. 1 (HS1bub5 to HS1bub17) , and the results of the deamination assay are shown in Fig. 3B . Surprisingly, GST-AID was more active on 5-and 7-nucleotide bubbles than on their longer counterparts which more closely represent the size of in vivo transcription bubbles. The significance of this finding is discussed below.
At the point of maximal difference, the velocity of deamination of HS1bub7 by GST-AID and His-AID was ca. eightfold higher than for CS1bub7 (Fig. 3C ). The K m of GST-AID and His-AID for HS1bub7 was between 10 and 15 nM. It was not possible to estimate the K m for the cold-spot bubble (i.e., CS1bub7) since substrate saturation kinetics was not observed. However, as the velocity continues to increase beyond the highest substrate concentration tested, the K m is likely to be severalfold higher for CS1bub7 than for HS1bub7. By estimating the fraction of active GST-AID in our preparations (see next section), we were able to calculate the catalytic efficiency of GST-AID. At V max , the k cat for GST-AID was calculated to be 0.0042 s Ϫ1 (i.e., 1.0 fmol of substrate/60 s/4 fmol of active GST-AID) or 1 deamination event every 4 min for each AID protein. Thus, AID displays a very low catalytic efficiency relative to other enzymes (see Discussion for further elaboration).
AID complex formation on hot-and cold-spot bubbles. We employed EMSAs to measure the binding kinetics of GST-AID to the same hot-and cold-spot bubbles used in the activity assays. To initially test whether GST-AID binds to single-or double-stranded DNA, we compared the levels of binding to the HS1bub7 and the double-stranded HS1ds substrate, which is identical to HS1bub7 but lacks the mismatched bubble region (Fig. 1) . As shown in Fig. 4A (Ϫ lanes), purified GST did not form complexes with HS1ds or HS1bub7. Complex formation between AID and HS1ds was negligible (Fig. 4A , middle gel), as has been previously shown (10) . In contrast, two shifted bands (likely representing complexes with different stoichiometries) resulted from the incubation of AID with the bubble substrate (Fig. 4A, left gel) . This result shows that AID binds to the single-stranded bubble region of bubble substrates. The right gel in Fig. 4A shows an EMSA carried out on HS1bub7 using GST-AID and His-AID in parallel. Importantly, multiple complexes are also apparent with His-AID, indicating that the formation of multiple complexes differing in mobility is a characteristic of AID rather than an artifact of its purification tag.
To obtain approximate dissociation constant (K d ) values reflective of half-saturation of AID with hot-spot and cold-spot bubbles, complex formation was measured by EMSA over a nearly 200-fold range of substrate concentrations. EMSAs were performed with and without UV cross-linking. In the absence of UV cross-linking, complexes can dissociate during electrophoresis, which might affect the calculated K d since the equilibrium can be affected during electrophoresis. In contrast, with UV cross-linking of AID to substrates, dissociation will not occur during electrophoresis, and thus the data would represent a snapshot at a specific point in time of the total interaction between AID and the substrate. So that UV crosslinking does not introduce biases in the measured K d , the time of irradiation should be shorter than characteristic times of complex formation ([DNA] Ϫ1 k on Ϫ1 ) and complex dissociation (k off Ϫ1 ). The 50-s irradiation time used here satisfied both conditions (see below). The EMSA experiment with crosslinking also allowed us to estimate the concentration of the active GST-AID in the sample (see Materials and Methods). This value (i.e., ϳ4 fmol of active AID used in both the EMSA and kinetic assays) was used to calculate the k cat in the previous section.
Representative EMSA results of GST-AID binding to a hotand cold-spot bubble are shown in Fig. 4B and C, respectively. The relative amounts of free DNA and bound DNA were determined at each input DNA concentration and plotted. The apparent dissociation constant (K d ) was derived using a nonlinear regression analysis of the data (see Materials and Methods). As expected, higher overall levels of bound complex were observed with UV cross-linking. Nevertheless, the K d values with or without UV cross-linking were similar between HS3bub7 and CS3bub7 and ranged between 0.3 and 1.2 nM (Fig. 4B and C) . GST-AID also bound to HS1bub7 with a similar K d of 0.3 nM (Table 1) . To assess whether these data were influenced by the GST tag, we also performed EMSA analysis using His-AID on HS1bub7 and CS1bub7. As with GST-AID, there was no significant difference between the binding affinities of His-AID to a hot-or cold-spot bubble (Table 1 ). These data suggest that AID binds ssDNA regardless of sequence. To confirm this, we performed EMSA using GST-AID and AGUbub, which is analogous to HS1bub7 with the cytidine replaced by uridine. Indeed, GST-AID formed stable complexes with AGUbub, indicating that a cytidine is not required for AID binding (data not shown).
Using the same EMSA analysis, we also determined the binding affinities of GST-AID to HS1bub5 and HS1bub11. As HS1bub5 and HS1bub7 were more efficient substrates for AID deamination than HS1bub11, we assessed whether this was due to differences in binding affinities. As shown in Table 1 , GST-AID bound to HS1bub5, HS1bub7, and HS1bub11 with similar K d values (i.e., 1.1, 0.3, and 0.5 nM, respectively), suggesting that the preferential activity of AID to small bubble substrates was not due to preferential binding. In conclusion, dissociation constants for all bubble substrates tested were in the 0.3 to 2.0 nM range, indicating that AID binds these bubble substrates with very high affinities regardless of size and sequence.
The high binding affinities of AID to bubble substrates suggests that AID forms stable complexes with long half-lives. To determine the complex half-life, GST-AID was incubated with radioactively labeled HS1bub7, allowing sufficient time for complex formation, followed by the addition of 500-fold excess unlabeled HS1bub7 for various lengths of time before UV cross-linking. Since the vast excess of unlabeled competitor prevents reassociation of AID to the radioactive substrate once an AID-DNA complex has dissociated, this method allows for a measurement of the rate of decay of the complex. Based on 24 LARIJANI ET AL. MOL. CELL. BIOL.
the results shown in Fig. 4D , we determined the half-life of GST-AID on HS1bub7 to be approximately 8 min, indicative of relatively high complex stability. AID complex formation on ssDNA. As the WRC and non-WRC motifs constitute only a small fraction of the entire single-stranded region of the bubble, it remained plausible that binding differences to such motifs cannot be discerned in the context of the other single-stranded sequences within the bubble. Thus, we measured AID binding to single-stranded oligonucleotides HS5ss and CS5ss by EMSA, each bearing multiple tandem hot or cold spots, respectively. As shown in Fig. 5A and B, GST-AID formed specific complexes with HS5ss and CS5ss, while GST did not (Fig. 5A and B, Ϫ lanes) . This was also the case for His-AID (data not shown). As with the bubble sub- 
FIG. 4. EMSA measuring AID binding to bubble substrates. (A) EMSA with GST (Ϫ) or GST-AID (ϩ) on HS1bub7 and
HS1ds demonstrating the dependence of complex formation on the presence of a bubble structure (left and middle gels). EMSA comparing GST-AID and His-AID binding levels on HS1bub7 (right gel). (B) Representative EMSA experiment on a hot-spot bubble (HS3bub7) substrate. EMSA reactions were carried out in the presence of increasing amounts of the bubble substrate over a range of 0.15 to 50 fmol and electrophoresed in native conditions. In order to obtain half-saturation (K d ) values of interaction, the fraction of shifted substrate was quantitated for each lane and a bound-versus-free plot was generated. Filled circles represent results from an EMSA with UV cross-linking (the gel is shown) while empty circles represent results from an EMSA without UV cross-linking (gel not shown). (C) The same experiment as shown in panel B, except that CS3bub7 was used as the substrate in the EMSA experiment. (D) EMSA measuring the complex half-life of GST-AID bound to HS1bub7. Binding reactions were set up using 20 fmol of HS1bub7 as substrate and incubated for 45 min to allow for complex formation. A 500-fold excess (10 pmol) of unlabeled HS1bub7 was then added to the binding mixture, followed by incubation for various lengths of time as indicated on the x axis from 0 to 120 min prior to UV cross-linking of the reaction. The start times of the EMSA reactions were staggered such that all time points ended concurrently. Each time point was done in duplicate starting with 0, 5, 10, 30, 60, and 120 min of incubation after the addition of unlabeled HS1bub7. The amount of bound substrate after each incubation time with cold competitor is expressed as a percentage of the total bound substrate at time zero (no incubation with competitor) and shown on the y axis.
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strates, higher levels of bound complex were observed with UV cross-linking, and the dissociation constants were similar between HS5ss and CS5ss with UV cross-linking, ranging between 1 and 3 nM (Fig. 5A and B and Table 1 ) for GST-AID and 8 and 10 nM for His-AID (Table 1) . For both GST-AID and His-AID, these values were 3-to 10-fold higher than the K d values measured on the bubble substrates (Table 1) . Thus, AID has slightly lower binding affinities to single-stranded substrates than to bubble substrates. We also determined dissociation constants between AID and HS5ss or CS5ss using the recently introduced NECEEM technique. NECEEM has been used for measuring equilibrium and kinetic parameters of protein-DNA interactions (3). This method is based on kinetic capillary electrophoresis, defined as capillary electrophoresis of species which interact under nonequilibrium conditions during electrophoresis (30) . Binding reactions were carried out as in EMSA, except that the substrates were fluorescently labeled. A plug of the equilibrium mixture was injected into the capillary and allowed to dissociate during separation, resulting in characteristic peaks and dissociation curves in the electropherogram. Equilibrium constants and rate constants of complex dissociation can then be calculated by integrating the area under each peak of the electropherogram (see Materials and Methods for a detailed description of calculations).
As shown in Fig. 5C , binding to DNA is AID specific, since the GST control did not bind to DNA, even when GST was used at a concentration approximately 10-fold higher than AID-GST. As with the EMSA experiments, multiple complexes of AID-GST with DNA were observed (Fig. 5C ) which likely correspond to complexes with different binding stoichiometries. We used the active concentration of the enzyme instead of the formal concentration in our determination of binding parameters by the NECEEM method (see Materials and Methods). As shown in Table 1 , the K d values between AID and hot-and cold-spot substrates were similar to each other (i.e., 1.4 and 1.9 nM, respectively), supporting the notion that AID binds to hot spots and cold spots with similar affinities. Furthermore, these K d values were in good agreement with those measured by classical EMSA (Table 1) .
In addition to measuring K d values, we used the NECEEM to measure the rate constants of complex dissociation (i.e., k off ). The k off values for HS5ss and CS5ss were (1.8 Ϯ 0.3) ϫ 10 Ϫ3 and (2.8 Ϯ 1.1) ϫ 10 Ϫ3 , respectively. The half-life of complex dissociation [calculated using the equation ln(2)/k off ] of AID-HS5ss and AID-CS5ss was 6.4 min and 4.1 min, respectively. Importantly, these results are in agreement with the 8-min half-life of GST-AID measured on HS1bub7 by EMSA. The rate constants of complex formation were also calculated as k on ϭ k off /K d . For both HS5ss and CS5ss, the k on were 1.3 ϫ 10 6 and 1.5 ϫ 10 6 M Ϫ1 s Ϫ1 , which are similar to k on values of other DNA binding proteins such as single-stranded binding protein (30) . Thus, NECEEM confirmed the results by EMSA, namely, that there is no appreciable difference in the complex formation properties of AID on single-stranded substrates bearing tandem hot-or cold-spot motifs. Confirming the EMSA results obtained with the bubble-type substrates, the presence of cytidine on a single-stranded substrate was not required as measured by NECEEM to form complexes with AID (data not shown).
Deamination inhibition by hot-and cold-spot DNA substrates. The observation that AID can bind hot-and cold-spot bubbles with similar efficiency as measured by EMSA and NECEEM predicts that hot-and cold-spot bubble competitors should be able to inhibit the enzymatic activity of AID to similar degrees. To test this, we used several hot-and cold-spot bubbles as unlabeled competitors in the deamination assay. We measured the inhibition of AID activity on HS1bub7 in the presence of excess unlabeled hot-spot bubble competitors (HS1bub7 and HS4bub) as well as two unlabeled cold-spot bubble competitors (CS1bub7 and CS4bub). A typical assay is shown in Fig. 6A (top) . As shown in Fig. 6A (bottom) , the capacities of all four unlabeled hot-and cold-spot bubbles to inhibit deamination were comparable. This further supports the notion that AID binds to hot-spot and cold-spot bubbles with similar affinities. Furthermore, as GST-AID binding did not require the presence of a cytidine in the bubble region of the substrates (see above), we tested whether a cytidine was required for the inhibition of AID activity. As shown in Fig.  6B , when used as unlabeled competitor, AGUbub was equally proficient at inhibiting deamination activity as HS1bub7. Thus, any excess bubble substrate, whether it contains one, multiple, or no cytidines, is able to bind and sequester AID, thereby inhibiting its activity on the labeled substrate. AID seemed to bind with higher affinities to the bubble substrates bearing one hot spot or cold spot than to the singlestranded substrates bearing tandem hot and cold spots (see above). To further corroborate this result, we tested HS5ss and HS1bub7 as excess unlabeled competitors in an enzymatic activity assay on HS1bub7. As shown in Fig. 6C , excess HS1bub7 inhibited the enzymatic activity of AID better than HS5ss. Taken together, the reduced ability of HS5ss to inhibit the enzymatic activity of AID and the higher K d values for binding to single-stranded substrates than to bubble substrates indicate that AID preferentially binds to a restricted bubble DNA structure rather than a more flexible ssDNA substrate.
Stoichiometry of active GST-AID. Relative to the DNA substrates used in the deamination and EMSA experiments, a molar excess of both GST-AID and His-AID protein had to be used to detect appreciable enzymatic activity as well as complex formation. This suggested that, much like other mammalian proteins expressed in bacteria, only a fraction of the preparation exists in an active form. This notion was supported by our calculation of the active fraction of GST-AID using Bound max values in the EMSA experiments as described above. In addition, EMSA with both GST-AID and His-AID revealed multiple complexes with different mobilities, indicative of various stoichiometric proportions of AID relative to the DNA substrates. Together, these data suggested that the AID preparations likely exist as a heterogenous mixture of active and inactive AID as well as in different multimeric forms. To gain insight into this, we used size-exclusion chromatography by FPLC to separate a GST-AID preparation and assay each fraction for activity. Molecular mass standards were FIG. 6 . Deamination inhibition by hot-and cold-spot competitors.
(A) Upper panel shows a representative deamination assay using GST (Ϫ) or GST-AID (ϩ) with 50 fmol of HS1bub7 as substrate. Reactions were carried out in the presence of increasing amounts (5-to 500-fold) of excess unlabeled hot-spot bubble competitor (HS1bub7) or coldspot bubble competitor (CS1bub7) which were added to the reaction mixture before the addition of AID. Additional deamination inhibition assays were performed using HS1bub7 as the substrate and excess unlabeled HS1bub7, HS4bub9, CS1bub7, and CS4bub9 as cold competitors (gels not shown), and the results are shown in the graph. For each lane, the amount of cleavage product was quantitated and expressed as a percentage of total substrate. This value is shown on the y axis as a function of the increasing amounts of unlabeled competitor on the x axis. (B) Graphs are as described for panel A, except that 20 fmol of HS1bub7 was used as the substrate and unlabeled HS1bub7 and AGUbub were used as excess unlabeled competitors (5-to 1,000-fold excess). (C) Graphs are as described for panel A, except that HS1bub7 and HS5ss were used as excess unlabeled competitors (5-to 1,000-fold excess).
VOL. 27, 2007 AID IS A STRONG SINGLE-STRANDED DNA BINDING ENZYME 27 separated on the same column (Fig. 7, arrows) . Figure 7 shows a chromatogram of the FPLC separation overlaid on a curve of specific deamination activity of each fraction as determined by the UDG assay. As apparent in the chromatogram in Fig. 7 , the largest peak of the GST-AID preparation was greater than 200 kDa, indicating that the majority of the preparation was aggregated. The fractions with the highest specific activity fell in the range of the dimer-tetramer of GST-AID (Fig. 7) , while the fraction containing GST-AID monomers (molecular mass of 53 kDa) exhibited no appreciable activity. These data are consistent with a recent finding showing that AID exists as a dimer in cells (51) . Interestingly, the fractions with the highest specific activity (fractions 4 to 6), which represented a small fraction of the entire preparation, did not have higher specific activities than previous assays that used unfractionated GST-AID (Fig. 3A) . This suggests that the dimer-tetramer fractions of AID were reaggregating after purification. Indeed, this was confirmed by FPLC analysis (data not shown).
DISCUSSION
In this report, we examined the biochemical basis for the selective deamination of WRC motifs by AID. One possible explanation for this property of AID is that AID has a higher binding affinity for WRC motifs than for other motifs. However, using different approaches, we found that this was not the case. First, the apparent dissociation constants of AID for single-stranded or bubble hot-spot or cold-spot substrates were similar, regardless of the assay used (i.e., EMSA or NECEEM) (Fig. 4 and 5) . Second, unlabeled hot-or cold-spot competitors were equally efficient at inhibiting AID activity, indicating that hot-and cold-spot substrates can similarly secure AID binding.
Thus, AID in its entirety is a sequence-independent ssDNA binding protein that does not even require a cytidine to bind ssDNA. In this regard, our finding provides an explanation for the suggested processive-like trait of AID on ssDNA (31) by allowing for a "scanning" mode of WRC capture. This type of activity has also been reported for restriction enzymes such as EcoRI (53) . The precise mechanism of how the active site of AID may recognize the dinucleotide upstream of its target will form the basis for future studies.
The calculated K d of AID for bubble substrates was in the 0.3 to 2 nM range, which indicates that AID binds bubble substrates with high affinity, similar to that of other DNAbinding proteins. For example, single-stranded binding protein has a K d of ϳ1 to 10 nM (30), while some transcription factors have subnanomolar K d values (e.g., transcription factor IIIA has a K d of 0.1 nM) (41) . Because enzymes typically have K d s in the micromolar range, the finding that AID binds to substrates in the nanomolar range, has a long half-life of complex dissociation of 4 to 8 min on ssDNA and bubble substrates (see above), and is sequence independent would predict that AID has a low catalytic efficiency since it would remain bound after deamination. Indeed, we calculated that each molecule of AID catalyzes a deamination once every 4 min (see above), which makes AID a very poor enzyme since many enzymes can usually catalyze hundreds to thousands of reactions per second. This finding is significant since it would imply that after a deamination event, AID might reside for long periods of time on immunoglobulin sequences and possibly act as a scaffolding protein to recruit other DNA repair factors. Findings that AID can associate with proteins such as RPA (7) and MDM2 (19) support this notion.
Competition experiments (Fig. 6 ) and the higher K d values calculated for ssDNA substrates versus bubble substrates for both GST-AID and His-AID indicate that AID may prefer a more rigid bubble substrate than the flexible ssDNA substrates. This is particularly emphasized by the fact that each ssDNA substrate has more single-stranded nucleotides than a bubble substrate and should therefore be able to bind more AID than the bubble substrate. This finding provides an explanation for a previous observation (6) that AID preferentially deaminates cytidines within bubble substrates and is consistent with its primary targets' residing within transcription bubbles. However, while typical transcription bubbles are thought to be 14 to 17 nucleotides in size (48), GST-AID preferably deaminated targets located within 5-and 7-nucleotide bubbles compared to longer bubbles of up to 17 nucleotides. These results are in contrast to a previous finding where a 9-nucleotide bubble was a more efficient target than its 5-nucleotide counterpart (6) . This discrepancy might be due to differences in the local sequence within the bubbles, as has been shown before (54) . The significance of this preference of AID for smaller bubbles than for typical transcription bubbles is unclear. One possibility is that the transcription bubble accessible by AID is smaller than 14 to 17 nucleotides due to partial coverage by the RNA polymerase complex and that AID has evolved to be optimally active in the context of the accessible portion of the bubble. However, questions have been raised regarding the model that AID acts on transcription bubbles with findings that AID mutates both strands equally, despite the protection offered by the nascent transcript to the FIG. 7 . FPLC analysis of GST-AID. GST-AID was fractionated using a 200-kDa size exclusion column on an automated FPLC machine. Fractions were eluted, and each fraction was tested in the deamination assay.
The curve with open circles shows the UV absorption value for each fraction as it was eluted from the column, thus representing the amount of GST-AID in each fraction. The curve with filled circles represents the results of the deamination assay on each fraction. Briefly, fractions were concentrated and incubated with 20 fmol of HS1bub7 substrate and UDG in an activity buffer. The amount of cleaved product was quantitated and divided by the reaction incubation time and the amount of input GST-AID (calculated from the UV absorption values) to obtain the specific activity of each fraction. Arrows indicate elution points of molecular mass standards on the same column, allowing for the estimation of the molecular mass of each GST-AID species in each fraction.
28
template strand. In this light, an alternative explanation is that AID may preferentially act on stem-loop bubble structures which are smaller in size than transcription bubbles and might be generated during the transcription or replication of DNA due to the local unwinding of DNA (16, 46) . Whatever the case may be, we have shown here that the difference in AID activity on different-size bubbles is not due to substrate binding. Thus, it is tempting to speculate that the preferential activity of AID on smaller bubbles might reflect an active site that better accommodates smaller bubbles or that smaller bubbles are better able to induce a conformational change in AID that is required for the subsequent deamination reaction. The fact that 4 fmol of AID was active in our assays indicates that a large fraction of AID was inactive (see Materials and Methods). This issue along with the presence of multiple shifted bands with GST-AID and His-AID prompted us to examine the composition of our in vitro-purified AID preparations. Using FPLC analysis, we showed that the majority of our AID preparations exist as aggregates with low specific activity, while a small portion of soluble AID containing AID tetramers and dimers exhibits high enzymatic activity. These data support the recent finding that AID exists as a dimer in cells (51) . The finding that our purified AID is largely inactive is also likely to be the case for other studies that examined AID which used picomole quantities of AID and femtomole quantities of substrate (5, 6, 10, 45, 47, 54) and is, indeed, the case for other delicate enzymes such as Rag 1 and 2 (14, 35) . The difficulty with in vitro studies of such enzymes, including AID, lies with their poor solubility properties, suggesting that other factors in the cellular environment act to stabilize them. Indeed, we observed by FPLC that the most active oligomeric AID can reaggregate into larger but less active complexes upon purification. It is important to note that the tendency of in vitro-purified AID to form aggregates may not reflect the in vivo state, where its copy number in each cell is tightly regulated and where it may form complexes with other protein factors.
A distinction between bacterially expressed AID and that expressed in eukaryotic cells may lie in differences in posttranslational modifications such as phosphorylation. Though it has been shown that phosphorylation of AID by protein kinase A at serine 38 upregulates its activity (2, 24) , the precise role of this modification remains unknown, as a recent report suggests that phosphorylation does not affect transcription-dependent deamination by AID with or without RPA in the reaction (4). Resolving these issues and developing a better understanding of the precise catalytic mechanism of AID require further work.
